Introduction

41"
Understanding the determinants of disease emergence and spread is one of the major challenges in 42" disease biology (Gandon et al. 2013; Lively et al. 2014; May et al. 2001; Yates et al. 2006) . Like most "
within-host infection progresses and how transmission is achieved (Bowen and Walker 2005; Ebert and
64"
Weisser 1997; Hughes et al. 2011; Quinn et al. 2000) . In plant-pathogen epidemics, infection dynamics 65" can be divided into two distinct phases. During auto-infection the pathogen spreads from the focal 66" infection to the surrounding leaves within the same host plant. Variation in auto-infection leads to 67" plants with varying numbers of infected leaves, and therefore auto-infection may also be seen as a 68" measure of infection severity. During and following local spread within a host plant, allo-infection 69" occurs, where the pathogen is transmitted to other hosts (Mundt 2009; Robinson 1976) . A potentially 70" important distinction between the auto-and allo-infection processes we describe here is that auto-
71"
infection involves the same pathogen transmission stage as allo-infection, while in most animal 72" infections, they result from two different infection stages (for example in malaria merozoites spread 73" infection within hosts and gametocytes transmit infection to other hosts; Bannister and Mitchell 2003;
74"
Schmidt-Hempel 2011).
75"
Given that the window of time for a pathogen epidemic to develop is usually limited to 76" certain environmental conditions (temperature, humidity) and host availability (Garrett et al. 2009 ), the 77" optimal timing of auto-and allo-infection is crucial to the fate of the pathogen. Most epidemiological 78" studies follow the rate of allo-infections, usually referred to as the transmission rate. Rates of auto-
79"
infection have typically received less attention, but some work has shown that host auto-infection can 80" also vary (Lannou et al. 2008) , with consequences for pathogen life history and virulence evolution 81" (van den Berg et al. 2013) . Measuring auto-infection is generally easier than quantifying the extent of
82"
allo-infection, and traditionally within-host pathogen replication is assumed to equate with transmission 83" potential (Anderson and May 1982) . Given that in most infections the symptoms arise as a consequence 84" of the production of transmission propagules during auto-infection, we might expect hosts with severe 85" disease symptoms to produce higher levels of transmission propagules (auto-infection), and ultimately 86" " cause more disease transmission (during allo-infection; Beldomenico and Begon 2010). However, there 87" are many reasons why this relationship may not always hold, and understanding them would help 88" pinpoint which diseased individuals should be targeted in order to maximize the efficacy of disease 89" control.
90"
To date, the effect of host and pathogen genetic diversity on the spread of infectious 91" disease has received little experimental exploration, and is currently one of the most pressing questions 92" in disease ecology and evolution (Lively et al. 2014) . Given that genetic variation (both of hosts and 93" the pathogens that infect them) is well-known to affect all aspects of infection outcomes (Bergelson et 94" al. 2001; Tack et al. 2012; Wolinska and King 2009) , the relationship between auto-and allo-infection
95"
is also likely vary depending on the genetic composition both hosts and pathogens. First, pathogen 96" populations are highly variable in their ability to infect and cause disease (Tack et al. 2012), and trade-97" offs between the different life-history stages of infection may also vary with genotype and genotype-
98"
by-genotype interactions (Laine and Barrès 2013). Hence, there may be considerable variation among 99" strains in their ability to grow within an infected host, and transmit to new ones. Second, variation 100" among hosts in how they resist becoming infected and mitigate infection development -as well as 101" possible trade-offs between these traits -may further generate variation in auto-allo-infection dynamics 102" (Bergelson and Purrington 1996; Susi and Laine 2015) . Finally, hosts are often found to harbor mixed " studied genetic variation in host defences (Ayres and Schneider 2012; Laine et al. 2011; Råberg et al. 110" 2009; Read et al. 2008; Roy and Kirchner 2000; Simms and Triplett 1994) , the level of co-infection 111" may also generate individual host heterogeneity in infectiousness (Lass et al. 2013), potentially 112" modifying the dynamics of infectious disease (Streicker et al. 2013; Susi et al. 2014) .
113"
A clear understanding of what generates variation in the relationship between auto-and
114"
allo-infection calls for controlled experiments with two major features: 1) the level of auto-infection 115" can be monitored in a non-destructive manner throughout the course of an infection across a large 116" numbers of individual hosts, and 2) the resulting pathogen propagule shedding and spreading can be
117"
precisely measured for each individual host. In addition, a realistic understanding of auto-and allo-
118"
infection requires studying both single and mixed infections, as these are the conditions hosts will 119" commonly experience in the wild. Fulfilling all these requirements is challenging, and so experiments 120" such as the one we describe are understandably rare.
121"
Here, we take a common garden approach using a plant-pathogen system to test how host
122"
genotype, pathogen genotype, coinfection and time affect 1) the level of auto-infection within the host,
123"
and 2) the relationship between auto-infection and allo-infection. The experimental work was carried 124" out with powdery mildew, Podosphaera plantaginis infecting the host plant Plantago lanceolata. Our
125"
experiment used multiple host genotypes that were cloned into replicates, and inoculated with two 126" pathogen strains, either singly or as a coinfection. This host-pathogen interaction is highly amenable to 127" ecological studies, as infection is visually conspicuous on host surface and the disease cycle lacks 128" extended latency periods. Hence, auto-infection can be visually directly quantified. With a combination
129"
of two spore trapping methods, spore traps and live susceptible leaves; we were able to disentangle the
130"
relationship between the shedding of transmission propagules and the actual spread of the infection.
131"
We monitored both auto-and allo-infection dynamics over the course of an epidemic to assess how this 132" " relationship changes over time. By genotyping the resulting infections we were also able to identify the 133" transmitted pathogen genotypes from co-infected host plants.
134"
135"
136"
Material and methods
137"
Host-pathogen interaction
138"
Podosphaera plantaginis is a specialist powdery mildew naturally infecting Plantago lanceolata in the begins from these initial disease foci as the pathogen is transmitted by wind both within and among the epidemic spread ceases.
151"
In the interaction between Plantago and Podosphaera disease resistance is strain-specific
152"
with the same host genotype blocking infection by some strains of the pathogen while being susceptible 153" to others. There is considerable variation among host individuals and populations in their degree of 154" resistance. The obligate pathogen can only establish on susceptible hosts, and hence, variation in pathogen populations also support considerable genetic (Tollenaere et al. 2012 ) and phenotypic (Susi 157" and Laine 2013) diversity. Coinfections, whereby two or more strains of Podosphaera simultaneously
158"
infect the same host, are common in the Åland metapopulation (Tollenaere et al. 2012) .
159"
160"
Spore trapping experiment
161"
To quantify the number of fungal spores released from each host plant, and the number of successfully 162" established new infections (a measure of transmission), we carried out a spore trapping experiment. We greenhouse according to the protocol described in Laine (2004) , producing up to 24 ramets. Eight-
170"
week-old ramets were placed outside for two weeks of acclimation until the experiment was set up. We
171"
used two Podosphaera strains originating from Åland (strain 10 from population 2821 and strain 3 172" from population 877) that were infective on all host genotypes used in this experiment. The strains 173" were purified and maintained on fresh susceptible Plantago leaves on Petri dishes in a growth chamber 174" with 16:8 light: dark cycle at 20 ± 2°C.
175"
To determine how host genetic background and pathogen treatment (single or co-
176"
infection) affect the relationship between auto-infection and allo-infection we performed a spore naturally; hence environmental contamination by fungal spores was highly unlikely. In mid-July the 180" experimental plants were potted in 11 cm × 11 cm pots placed at a one meter radius from each other
181"
and inoculated with strain 3, strain 10 or co-inoculation of strains 3 and 10. The amount of inoculum
182"
(all spores brushed off from a 1 cm 2 ten-day old sporulating lesion onto one leaf of the receiving plant)
183"
was the same for all plants, with the coinfected plants receiving half of the dose of the single genotype 184"
inoculum (i.e. all spores brushed from a 0.5 cm 2 lesion of strain 3 and 0.5 cm 2 lesion of strain 10 on to
185"
one leaf of receiving plant). We also included a control treatment with no pathogen spores to ensure
186"
there was no contamination between the plants. Four replicates of each plant genotype × pathogen
187"
treatment were used and two replicates of each plant genotype and control treatment were used,
188"
resulting in 112 plants in total. The auto-infection rate of the infected plants was measured as the
189"
number of leaves on a plant that were infected with powdery mildew.
190"
To quantify spore release and allo-infection we conducted five spore trapping sessions at
191"
20, 30, 40, 50 and 60 DPI."Our study was focused on quantifying short-distance transmission at 5 cm
192"
distance from the infected host, as this is a relevant distance in the high density populations of Plantago maintenance in the laboratory. The trapping period lasted 24 hours, after which the traps were removed.
202"
The petroleum jelly traps were then kept in 5°C and subsequently examined under a microscope using
203"
four transect lines to count the released spores. The live leaves were placed on moist filter paper in a
204"
Petri dish and kept in a growth chamber. After 14 days their infection status was monitored and the
205"
infected leaves were collected for subsequent genotyping. The level of auto-infection was assessed avoid unnecessary handling of the plants during the experiment, the total number of leaves in each 211" plant was counted at the end of the experiment.
212"
213"
Genetic analyses
214"
We genotyped the trap leaves infected at time points 40-60 days post-infection (DPI) to ensure that
215"
there was no cross contamination between plants, and to determine which of the pathogen strains -or 216"
both -had successfully infected the trap leaves in the coinfection treatments. From each infected leaf,
217"
we cut the lesions, consisting of both host tissue and fungal material, into a 1.5 mL tube that was kept lines used in the experiment can be distinguished from each other as they differ at eight loci used in the treated as a random variable to control for possible variation due to the location of the plant in the study 241" area. effects we used post hoc comparisons by computing least squared means of the main effects in SAS 9.2
254"
Proc Glimmix (Littell et al. 2006) . In all analyses non-significant interactions were excluded from the 255"
final models.
256"
257"
Results
258"
Factors determining auto-infection
259"
The fraction of infected leaves increased with time and there was weak negative correlation between
260"
number of leaves in a plant and the fraction of diseased leaves (Supplementary Figure 1; 261"
Supplementary Table 1 ). Plant genotype and pathogen treatment had a significant effect on the fraction (Supplementary Figure 1) .
265"
266"
The dynamics of pathogen spore release
267"
Spore release (estimated as the number of spores landing on the petroleum jelly traps) changed
268"
throughout the experiment, and across all treatments, peaking at 50 DPI ( Figure 1 , Table 1 ). The
269"
number of spores released depended on whether the hosts were infected singly or co-infected, with co-
270"
infected hosts shedding more pathogen spores ( Figure 1A , Table 1 ). Post hoc comparisons revealed that
271"
while the overall number of spores released in the single infections did not differ, there were significant 272"
differences between the strains at 40 and 50 DPI (40 DPI; P < 0.0001; 50 DPI; P = < 0.0001). This is released decreased and the differences between treatments diminished ( Figure 1A ).
276"
The amount of spores released depended also on the host genotype. Averaged across all
277"
single and coinfections, some host genotypes (G1, G3 and G6) produced more spores than others
278"
throughout the epidemic ( Figure 1B , Table 1 ). The effect of host genetic variation on infectiousness is 279"
especially pronounced during the peak spore release at 50 DPI ( Figure 1B) when the difference in spore 280"
release was the largest. Overall, the effect of pathogen treatment on spore release changed through time
281"
(significant interaction between time and treatment in Table 1 ; Figure 1A ). The amount of spores
282"
released from coinfected plants was highest at 30 and 50 DPI, while at 40 DPI strain 10 had higher
283"
spore release than strain 3 and the coinfection treatment ( Figure 1A ). At the peak of epidemics strain 3
284" " released more spores than strain 10 in single infections ( Figure 1A ). At 60 DPI the differences between
285"
treatments diminished ( Figure 1A ).
286"
287"
The relationship between auto-infection and spore release
288"
One aim of our experiment was to explore how host genotype and coinfection status contributed to 289" variation in the relationship between auto-infection and spore release. As expected, high auto-infection
290"
generally led to high levels of spore release (significant auto-infection term in Table 1 ). However,
291"
while auto-infection and spore release are clearly correlated, the strength of this relationship changed
292"
over the course of the epidemic, and was affected by both host and pathogen genotypes ( Figure 2 ;
293" Table 1 ). Specifically, in hosts infected singly with strain 10, we observed a positive correlation
294"
between the rates of auto-infection and spore release, while in plants infected with strain 3 this
295"
correlation was still positive, but weaker ( Figure. 2A-C; Table 1 ). In host plants coinfected with both
296"
strains the relationship between auto-infection and spore release was highly variable ( Table 1 ). Across all single infection and coinfection treatments, there is also variation in the 298"
relationship that arises from different host genetic backgrounds. In some host genotypes (e.g. G1 and
299"
G2) high auto-infection yielded high spore release whereas in other genotypes (e.g. G4, G5 and G6) the 300"
relationship was weaker (Figure 2D -F; Table1).
301"
302"
The establishment of new infections
303"
Consistent with what we observed for spore release, the establishment of infection by spores landing on
304"
trap leaves also peaked at 50 DPI ( Figure 3A , Table 2 ). We found that high auto-infection rates led to 305" " high rates of new infections becoming established, but we found no significant effects of host genotype
306"
and pathogen treatment ( Table 2) . The relationship between the number of spores that were released 307"
from the infected plant and the establishment of new infections varied according to which pathogen 308" strain was involved (Spores × Treatment Figure 3B , Table 3 ). Generally, when hosts were infected with 309" strain 10, shedding high numbers of spores led to the establishment of many new infections, while this
310"
relationship was noticeably weaker when hosts were co-infected with strains 3 and 10 ( Figure 3B , 311" Table 3 ). Genotyping of the infected trap leaves at 40-60 DPI from the coinfection treatment revealed 312" that 40% were infected by strain 3, 40% by strain 10, and 20% of new infections consisted of both
313"
strains.
314"
315"
Discussion
316"
Taken together, our results highlight the host's heterogeneous contribution to the temporal dynamics of
317"
epidemics. We found that the contribution of a host individual to epidemics varies over time and
318"
correlates with its level of auto-infection as expected, but importantly, also depends on the host genetic
319"
background and whether it is coinfected or singly infected. We also tested a common assumption that 320" rapid colonization of the host by the pathogen (auto-infection) is associated with the ability to spread
321"
infection between hosts (e.g. Robinson 1976 ). Our results indicate that host and pathogen genetic 322"
background can mediate the temporal dynamics of within-and between-host pathogen spread. !
323"
324"
The effect of pathogen strain on transmission dynamics
325"
In this study we found that, after controlling for the level of auto-infection in our models, the overall
326"
spore release and infection establishment rates between the singly infecting strains did not differ.
327" "
However, we observed significant differences between the strains at individual time points during the 328" epidemics ( Figure 1A) , and importantly, differences in how many spores were released at different differences between the strains in their spore quality ( Figure 3B ).
342"
343"
Host-mediated variation in within and between host dynamics
344"
Auto-infection and allo-infection dynamics have been approached theoretically in epidemiological studies remain rare and the host's role in mediating the dynamics has been largely unexplored. We
347"
found heterogeneity in the contributions of different host genotypes to pathogen replication ( Figure   348" 1B), consistent with the idea that host genotype is critical for infection development (Salvaudon et al. leading to clearance and recovery (Alexander 1992; Schmidt-Hempel 2011) . Another strategy is to 
363"
Conversely, hosts investing heavily in damage limitation mechanisms may show only mild disease
364"
symptoms (Poland et al. 2009 ) but would still tolerate the production of transmission propagules during
365"
auto-infection and contribute considerably to transmission during allo-infection (Vale et al. 2014 ). We
366"
used host genotypes where mildew was able to establish and grow, but it is possible that host genotypes how the relationship between auto-infection and spore release may vary between host genotypes with 370" differential investment in resistance or tolerance strategies.
371"
372"
"
The$effect$of$coinfection$on$transmission$dynamics!
373"
We found that transmission dynamics were altered under coinfection; the overall highest spore 374"
shedding was observed in coinfected plants ( Figure 1A ). This result is in line with a study on mice
375"
where coinfection lead to higher helminth oviposition (Lass et al. 2013) . Interestingly, in the early
376"
phase of the epidemic at 40 DPI, auto-infection rate was not a strong predictor of spore release in the 377"
coinfected plants -high spore release was observed at low auto-infection levels while host plants with 378" high levels of auto-infection released a low number of spores ( Figure 2 ). As the epidemic progressed, a
379"
positive correlation between auto-infection and spore release emerged. It has also been suggested
380"
previously that the relationship between host disease severity and pathogen transmission may be altered
381"
in co-infection (Bremermann and Pickering 1983). Here, we found that the correlation between spore
382"
release and allo-infection was weaker under coinfection than in the singly infecting strains. This
383"
finding suggests that the accelerated spore production we observe under coinfection comes at a cost of 384" spore quality. These effects of co-infection are likely to be relevant more broadly, as hosts are lead to increased reproduction of the pathogen (Lass et al. 2013) .
388"
Hosts are bottlenecks of pathogen genetic diversity and can therefore shape pathogen epidemics hosts, but it is poorly understood if this diversity spreads to other hosts (Lively et al. 2014 ). Our
392"
genotyping revealed that 20% of the infections resulting from coinfected plants were also coinfected 393"
suggesting the possibility of co-transmission, while the single infections established at equal 394"
probability from the coinfected source (both strains found singly in 40% of the infected leaf traps).
395" "
Whether pathogens spread as single strains or are co-transmitted may have consequences for
396"
epidemiology as infection success has been reported to increase in co-transmission (Karvonen et al.
397"
2012) and is assumed to have further consequences for the evolution of virulence (Alizon 2013 documented (Pirone and Blanc 1996) but our study is among the few to investigate the frequency of co- within hosts may regulate pathogen diversity at the population level.
404"
405"
Limitations of the current study 406" In this study we found that the relationship between spore release and infection establishment was mediated only by pathogen genetic background, but we detected no effect of the focal host genotype 408" (Figure 3 ). However, it is important to emphasize that the overall proportion of infected trap leaves was should focus on the realized transmission on large numbers of host genotypes representing different
415"
resistance backgrounds and large numbers of pathogen stains with different infection profiles.
416"
Moreover, as previous studies have found evidence of pathogen local adaption to host resistance (Laine the relationship between auto-and allo-infection.
419"
420"
Conclusions
421"
We detected important effects of host genotype and co-infection status on the temporal dynamics of
422"
spore release, which re-enforces the need to identify co-infection in wild-hosts as a potential risk factor
423"
of disease spread (Mideo et al. 2008; Susi et al. 2014) . Our results also suggest that the degree to which
424"
a host plant sheds fungal spores onto its own leaves is not necessarily a good predictor of spread to
425"
neighboring host plants: we found the correlation between autoinfection and allo-infection to change
426"
over the course of our experimental epidemic, and to vary particularly in strength according to the host
427"
co-infection status. This result has important implications for the control of disease. In trying to delay disease. While this may be true generally, our results suggest that timing is crucial, as a strong positive
430"
relationship between auto-infection and spore release only became apparent as the epidemic
431"
progressed. When designing disease management efforts, it is therefore important to understand the
432"
relationship between auto-infection, spore shedding and allo-infection, and how the relationship
433"
between them may vary according to the genetic and environmental context experienced by hosts. genes. Science 292:2281-2285.
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Figure 2. The relationship between auto-infection and allo-infection of Podosphaera plantaginis.
656"
Relationship between proportion of infected leaves in the focal plant and the spore release of
657"
Podosphaera strains 3 and 10 singly and under coinfection (A-C). The relationship between the
658"
proportion of infected leaves and spore release on different Plantago lanceolata genotypes across all
659"
pathogen treatments (D-F). between spore release and infection establishment varied according to pathogen treatment (B).
662"
Standard error of the mean is shown. 
